Forum for Electromagnetic Research Methods and Application Technologies (FERMAT) 


When ‘light’ dawns upon them: mapping the conceptual 
understanding of electromagnetism students 


S. Y. Buhmann! 
University of Freiburg, Germany 


Abstract: Electromagnetism teaching has recently been facing external and internal chal- 
lenges: Externally, the place of electromagnetism within the physics core curriculum worldwide 
faces competition from subjects such as nano-electronics, photonics and computer science. Inter- 
nally, electromagnetism suffers from its students’ perception as difficult and unexciting, creating 
a need to incorporate topical issues to raise interest and motivation. This leads to the question: 


What is really essential within the electromagnetism curriculum? 


To answer this question, the reported study focusses on the student’s conceptual understanding 
of the core concept of electromagnetism teaching, ‘light’. Its relevance has recently been stressed 
by the United Nation’s announcement of an International Year of Light in 2015. First-year MSc 
and BSc students at Imperial College London have been asked to draw a concept map of ‘light’. 
Such a concept map, as introduced by Novak, is a hierarchical arrangement of physics concepts 
which linked by labelled lines. The maps have been analysed with respect to their structure, 
morphology and content and have been compared with an expert concept map as prepared by 
the instructors of the Year 2 Electromagnetism course at Imperial College. The maps reveal that 
students at the beginning of their university education have remarkably homogeneous concepts 
of ‘light which include wave-particle duality as well as common optical phenomena and which 
are firmly rooted in experiments and normal-life experience. MSc students have a much more 
abstract concept of ‘light’, in line with Nespor’s chain of mobilisations model for physics learning. 


In addition, their understanding is more individual, relating to both their learning history and specialisation. 
This begs the question: Do different physicists really see the same thing when they ‘see light’? 
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Motivation 


Pressures on Electromagnetism curriculum 


e Competition from new subjects 
(nano-electronics, photonics, ...) 
— Course reduction 


e Subject perceived as difficult and unexciting 
= Need to incorporate new topical issues 
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Motivation 


Pressures on Electromagnetism curriculum 


e Competition from new subjects 
(nano-electronics, photonics, ...) 
— Course reduction 


e Subject perceived as difficult and unexciting 
= Need to incorporate new topical issues 


A possible way out 
e Compact and restructure subject? 
e Essence of Electromagnetism: Understanding of ‘light’! 
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Two cultures 


‘T believe the intellectual life of the whole 
of western society is increasingly being split 
into two polar groups. ... Literary intellec- 
tuals at one pole—at the other ... physical 
scientists. Between the two a gulf of mu- 
tual incomprehension.’ (C. P. Snow 1959) 
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tual incomprehension.’ (C. P. Snow 1959) 


Physics Constructivism 


Knowledge Discovered Constructed 


Truth 


Absolute Individual 
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Two cultures 


‘T believe the intellectual life of the whole 
of western society is increasingly being split 
into two polar groups. ... Literary intellec- 
tuals at one pole—at the other ... physical 
scientists. Between the two a gulf of mu- 
tual incomprehension.’ (C. P. Snow 1959) 





Physics Constructivism 


Knowledge Discovered Constructed 
Truth Absolute Individual 
Research Teaching 


= Physics is very different from learning about physics! 
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Making learning visible 


Learning theory: Individual constructivism 
Cognitive psychology: Schema theory (Piaget 1926) 


Schema = Concept + Relations to other concepts 
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Concept map: Novak (1984) 
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E=mc 


e Concept: ‘perceived regularity in events or objects or records 
of events or objects, designated by a label’ 


J.D. Novak, D.B. Gowin, Learning how to learn (Cambridge University Press, 
Cambridge, 1984) 
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Concept map: Novak (1984) 


Mass 


E=mc 


e Root concept: central concept which the map is trying to 
illustrate 


J.D. Novak, D.B. Gowin, Learning how to learn (Cambridge University Press, 
Cambridge, 1984) 
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Concept map: Novak (1984) 


Protons 


Mass 


Neutrons 


E=mc 


e Example: ‘helps to clarify the meaning of a given concept’ 


J.D. Novak, D.B. Gowin, Learning how to learn (Cambridge University Press, 
Cambridge, 1984) 
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Concept map: Novak (1984) 
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Universe Electrons 
Protons 
von ans à Neutrons 


E by 


enters 


e Link: labelled line between to concepts, forming a proposition 


J.D. Novak, D.B. Gowin, Learning how to learn (Cambridge University Press, 
Cambridge, 1984) 
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FREIBURG 


Electrons 
LE Protons 
von ans à Neutrons 


characterised by 


converts 
Mass 
ae 
enters 


e Cross-link: ‘relationships between concepts in different seg- 
ments of the concept map’ 


J.D. Novak, D.B. Gowin, Learning how to learn (Cambridge University Press, 
Cambridge, 1984) 


PIERS 2014 Guangzhou Stefan Yoshi Buhmann 


UNI 
l 


FREIBURG 


Uses of concept maps 


e Teaching: Show prepared maps to students 


Learning: Student task to foster reflection + dialogue 


Diagnostic assessment: Test pre-course knowledge 


Formative assessment: Give feedback to students 


Summative assessment: Provide students with marks 


e Knowledge management: Computerised database 
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The study 


UNI 
l 


FREIBURG 


Question: What is the conceptual understanding of ‘light’ of 
physics students at different stages of their education? 
Protocol: 
e Individually created concept maps of ‘light’ 


e Phenomenological interviews 


Research site: Imperial College London 


Sample: Concept maps 
e BSc students (n = 19, random sampling) 
e MSc students (n = 16, comprehensive sampling) 


e Course leaders (n = 2, critical-case sampling) 
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Findings: 


Structure, morphology, content 
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Structural parameters 


Preparation: Removal of content, 
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Structural parameters 


Preparation: Removal of content, 
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Structural parameters 


Preparation: Removal of content, topological normalisation 
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Basic structural parameters: 
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Basic structural parameters: 





Derived structural parameters: 


e Cross-Linkage: #Excess links/#Links 
e Dimension: log(# Concepts) /log(Diameter+1) 


e Balance: In-Radius/Ex-Radius 
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| Parameter 


BSc 


MSc 


Trend | 

















# Concepts 31212 28 + 13 z 
Diameter (22 T2 — 
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Balance 





41% +21% 





49% + 12% 





N 





Development: 


e Slightly fewer concepts and links 


e Slightly larger in-radius, cross-linkage and balance 
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Degree sequence: Degree = #Links to given Concept 


BSc students 









MDegreel 
mDegree2 
mDegree3 
mDegree4 
BDegrees 
mDegree6 
mDegree7 
mDegree8 
mDegree9 
mDegree10 
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MSc students 
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Degree sequence: Degree = #Links to given Concept 


BSc students 









MDegreel 
mDegree2 
mDegree3 
mDegree4 
BDegrees 
mDegree6 
mDegree7 
mDegree8 
mDegree9 


Development: 


mDegree10 
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MSc students 










e Fewer degree 1 and degree > 7 concepts 


e More degree 2—4 concepts 
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Morphologies 


Disconnected (BSc+MSc) Imbalanced (BSc) 
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Content 





Concepts most frequentiy mentioned by BSc students 





Electromagnetic wave, Particle [18] 


Refraction [16] 
Diffraction [15] 
Speed of light [14] 

Reflection, Speed of light (value) [13] 
Photoelectric effect, Wave-particle duality [12] 
Photon, Spectrum, Ultraviolet, Visible [11] 
Colour, Fibre optics, Gamma, Infrared, Photon energy, 
Polarization [9] 


Laser, Phase velocity, Radio, X-ray [8] 





Frequency, Double-slit interference, Wave length [7] 
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Concepts most frequently mentioned by MSc students 


Electromagnetic wave [15] 





Photon [13] 


Laser [9] 


Energy, Interference, Maxwell equations, Particle, 
Photon energy, Wave length [8] 


Frequency, Light-matter interaction, Speed of light [7] 


Applications, Colour, Diffraction, Photoelectric effect, 
Quantization, Quantum physics, Reflection, Sources, 
Special relativity, Spectrum [5] 
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Concepts most frequently mentioned by MSc students 


Electromagnetic wave [15] 
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Photon [13] 


Laser [9] 


Energy, Interference, Maxwell equations, Particle, 
Photon energy, Wave length [8] 


Frequency, Light-matter interaction, Speed of light [7] 


Applications, Colour, Diffraction, Photoelectric effect, 
Quantization, Quantum physics, Reflection, Sources, 
Special relativity, Spectrum [5] 





Development: 


e Fewer processes + spectral classes, more theories 


e Lesser degree of shared concepts 
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Concept classification: 
60%. 


50%! 
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Development: 


e Fewer applications, history, non-physics concepts 


e More physics concepts, formulas, theories 
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Conclusions: 


Ausubel’s meaningful learning, 
implications for teaching 
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Ausubel’s theory of meaningful learning 
‘Meaningful learning takes place if the learning task can be 


related in a nonarbitrary, substantive (nonverbatim) fashion to 
What the learner already knows, and if the learner adopts a cor- 


responding learning set to do so.’ 
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D. P. Ausubel, J. D. Novak, H. Hanesian, Educational Psychology: A Cognitive 
View (Holt, Rinehart and Winston, New York, 1978) 
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Ausubel’s theory of meaningful learning ~z- 


‘Meaningful learning takes place if the learning task can be 
related in a nonarbitrary, substantive (nonverbatim) fashion to 
what the learner already knows, and if the learner adopts a cor- 
responding learning set to do so.’ 


Essential processes for meaningful learning: 
e Subsumption: Add new concept 
= Importance of prior knowledge 


e Obliterative subsumption: Concepts fade into more general 
understanding = Role of mathematics/formulas 


e Superordinate learning: Unifying concepts 
=> ‘Light’, ‘Spectrum’, ‘Wave’, ‘Particle’ 


e Progressive differentiation: Adding detail = ‘Photon’ 


e Integrative reconciliation: Create cross-connections 
= ‘Wave-—particle duality’ 


D. P. Ausubel, J. D. Novak, H. Hanesian, Educational Psychology: A Cognitive 
View (Holt, Rinehart and Winston, New York, 1978) 
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Implications for teaching 


Structural analysis 


e Polarisation of wrongly understood by students as a process 
(as opposed to a property of light) 


e Need to create more cross-connections 


Morphological analysis 


e Danger of creating specialised procedural knowledge 
without view of broader context 


Content analysis 
e Conceptual understanding is highly individual 


e Mathematics # understanding 
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Summary 


Concept maps 
e Rooted in cognitive psychology 


e Versatile tool for learning and teaching 


Concept-map morphologies 
e Means of making developing understanding visible 


e Facilitator of student reflection 


Developing conceptual understanding in physics 
e Deepening of knowledge (insufficient connectivity) 


e Stripping away of everyday context 


Electromagnetism curriculum 


e Can be centred around ‘light’ as core concept 


